A conditionally active chimeric form of the c-Myc protein fused to the ligand-binding domain of the estrogen receptor (MycER) was expressed in PC12 cells. Induction of Myc activity resulted in a threefold increase in apoptosis after 5 days when cells were maintained in 1% serum. The eect of Myc overexpression was dependent on its DNA-binding domain but not on its heterodimeric binding protein Max, which is absent in PC12 cells. Preincubation of the c-Myc overexpressing cells with either NGF or bFGF, but not EGF, prevented the Myc-mediated increase in apoptosis, although the signaling pathways used by NGF and bFGF to block cell death diered. NGF-mediated rescue was mediated by the phosphatidylinositol 3'-OH (P13) kinase/Akt pathway while rescue by bFGF was not aected by P13 kinase inhibitors. These results show that Myc can induce apoptosis in PC12 cells in a Maxindependent manner and that alternate signaling pathways exist to mediate cell survival. Oncogene (2001) 20, 3746 ± 3750.
Introduction
Overexpression of the c-Myc oncoprotein in ®broblasts accelerates programmed cell death or apoptosis upon growth factor withdrawal but the precise mechanisms are still unclear (reviewed in Prendergast, 1999) . Previous studies suggested that heterodimerization with Max and DNA binding to the canonical Myc/Max DNA binding site is required for the eects of Myc on cell survival (Amati et al., 1993) but other work suggested that de novo protein synthesis is not required for Myc-mediated apoptosis (Evan et al., 1992) . Support for the latter notion has recently emerged, indicating that repression of transcription or other functions of Myc are more critical than transcriptional activation for the Myc eect on cell survival (Conzen et al., 2000; Xiao et al., 1998) . To address this issue we investigated whether c-Myc would induce apoptosis in the rat PC12 pheochromocytoma cell line that lacks functional Max (Hopewell and Zi, 1995; Ribon et al., 1994) . PC12 cells have been used for many years to model the apoptotic response to trophic factor deprivation in sympathetic neurons, as well as for studying the signalling actions of polypeptides like NGF, EGF and bFGF. The activity and expression of c-Myc is tightly regulated by these growth factors and other mitogenic stimuli in PC12 cells (Greenberg et al., 1985) . While overexpression of Myc in PC12 cells has been shown to inhibit NGF-induced dierentiation (Maruyama et al., 1987; Spandidos, 1989 ) a role for Myc in PC12 apoptosis has not been studied.
The conditionally active MycER chimeric protein has proven useful in studying signaling events related to Myc-mediated apoptosis (Eilers et al., 1989; Evan et al., 1992; Wagner et al., 1994) , thus we made cell lines expressing this construct and determined the eects of inducing active Myc protein on cell survival. MycERexpressing PC12 cells were generated by retroviral infection and selection as described for ®broblasts (Wagner et al., 1994) . Several clones were selected but most of the ensuing studies were performed on clone c-1. A protein of *97 kDa corresponding to the expected size of MycER (Wagner et al., 1994) was found in immunoblots of lysates from both the pooled transfectants and the PCc-1/MycER clone but not in the empty vector transfected cells (Figure 1a ). Probing similar blots with an anti-Max antibody con®rmed that the Max protein was undetectable in all the cell lines used here (Figure 1b) .
PCc-1/MycER cells were treated with 1 mM bestradiol in the presence of 1% BCS, a serum concentration that blocks cell death due to growth factor deprivation (necessary to reduce the`background' in the present studies). Expression of MycER resulted in the death of 22.8% of the cells after 5 days compared to 56% in uninduced cells (Figure 2a ) or vector only cells treated with 1 mM b-estradiol (data not shown). These results indicate that it was Myc expression itself and not retroviral infection or bestradiol that was responsible for the increase in apoptosis. Identical results were also obtained upon addition of another ER ligand, 4-hydroxytamoxifen (4-HT), (data not shown). The polyclonal cell line also underwent apoptosis upon addition of the ligand albeit at a slower kinetics ( Figure 2b ). As PC12 cells do not express Max we were interested to learn whether DNA binding was still required for Myc-mediated apoptosis. A mutant MycER protein (MycER ± DDBD) lacking 13 amino acids (355 ± 368) comprising the DNA binding region was expressed in PC12 cell to generate the polyclonal cell line PC/MycER ± DDBD. As shown in Figure 3a , MycER ± DDBD is expressed to about the same level as wild-type MycER in PC12 cells. It is worth noting that this construct cannot be stably expressed at high level in Rat1a cells (Kennedy and Hay, unpublished) , probably because it acts as a dominant negative, while PC12 cells can evidently tolerate stable expression of this mutant protein). PC12 cells expressing MycER ± DDBD exhibited no increase in apoptosis following addition of b-estradiol ( Figure  3b ). Thus increased apoptosis in PC12 cells probably results from Myc binding to DNA, depsite the lack of its canonical dimerization partner.
NGF and bFGF, but not EGF, have been shown to block or delay apoptosis in PC12 cells deprived of growth factors (Greene, 1978; Rukenstein et al., 1991) . We therefore examined whether these polypeptides could block Myc-mediated cell death. PCc-1/MycER cells were treated with growth factor alone or growth factor plus estradiol to induce Myc activity. After 5d, Myc-induced cells treated with either 100 ng/ml NGF or 10 ng/ml bFGF (saturating concentrations for the respective receptors) showed apoptosis rates no (Wagner et al., 1994) . Brie¯y, cells were seeded at 10 6 cells/6 cm plate and incubated with 3 ml 10% BCS/DMEM and 10 mg/ml polybrene followed by addition of 1 ml retrovirus and further incubation for 3 ± 4 h at 378C. After washing, the cells were allowed to recover for 2 days in fresh medium. Positive infectants were selected over 7 days in medium containing 400 mg/ml hygromycin B, at which time some isolated colonies were picked while the remaining cells were pooled for further study. Cultures were maintained at 378C in a humidi®ed incubator containing 5% CO 2 and fed regularly with phenol-red free DMEM plus 5% low-estrogen BCS and 200 mg/ml hygromycin B. Immunoblotting was carried out using standard protocols with development by enhanced chemiluminescence Figure 2 Activation of apoptosis by Myc overexpression. Empty vector, PCc-1/MycER or the polyclonal PC/MycER (pooled) cells in DMEM/1% BCS were treated with 1 mM b-estradiol to induce active Myc expression. At the indicated timepoints, the percentage of dead cells was determined microscopically after labelling with three¯uorescent dyes:¯uorescein diacetate, propidium iodide, and bisbenzimide (Hoechst 33342) to detect viable cells, dead cells, and fragmented nuclei. Cells were plated at 5 ± 7610 4 cells/ 35 mm tissue culture dish onto collagen-coated coverslips and fed with DMEM/1% BCS plus 1 mM b-estradiol. Following treatment, coverslips were incubated with 1 mg/ml bisbenzimide for 10 min, then washed once with HBSS and inverted over 25 ml of a propidium iodide (4.6 mg/ml)/¯uorescein diacetate (15 mg/ml) solution in HBSS. Following a short incubation in the dark the number of viable and dead cells, and the number of fragmented nuclei, were counted in several ®elds (400 ± 600 cells total per coverslip). As the live/dead and fragmented nuclei data were similar only the latter are shown as mean+s. (Figure 4a ). Previous results suggested that NGF may rescue PC12 cells from serum-deprivation induced apoptosis by activating the PI3 kinase-Akt pathway (Crowder and Freeman, 1998; Wert and Palfrey, 2000; Yao and Cooper, 1995) . However, we recently showed that under the same conditions bFGF uses alternate pathways to prevent apoptosis (Wert and Palfrey, 2000) . Thus we tested whether a similar distinction ) could be made in the case of Myc-induced apoptosis. Wortmannin (200 nM; a concentration known to fully inhibit PI3 kinase activity in PC12 cells (Wymann et al., 1996) blocked the ability of NGF to prevent Mycmediated cell death but had no eect on the bFGFinduced reduction in apoptosis (Figure 4b ). These results suggest that NGF activation of the PI3 kinase pathway is sucient to prevent apoptosis due to Myc overexpression. This conclusion contrasts with earlier results reported in TrkA-transfected MycER ®broblasts (Ulrich et al., 1998) . In these cells NGF delayed the onset of Myc-mediated apoptosis by a non-PI3 kinasedependent pathway, but did not block it entirely. An explanation may lie in the signaling characteristics of the two cell types; while PC12 cells provide a measure of TrkA signaling in an endogenous expression system, the signaling from ectopically expressed TrkA receptors may be altered by the lack of endogenous Trk-speci®c signal modulators such as the low-anity NGF receptor. Elsewhere, we show that the anti-apoptotic eect of bFGF on serum deprivation does not involve the PI3 kinase pathway or Akt activation but is dependent on MAP kinase and PKCd (Wert and Palfrey, 2000) . Similarly, in the case of Myc-induced apoptosis, rescue by bFGF is resistant to inhibition of the PI3 kinase pathway.
In summary, the present study shows that, in accordance with experiments in ®broblasts (Evan et al., 1992; Wagner et al., 1993) , overexpression of Myc leads to apoptosis in PC12 cells. However, the eect is slower in PC12 cells (*44% loss of Rat 1a ®broblasts after 20 h compared to only*23% loss of PC12 cells in 5d). This may be due in part to our use of 1% serum, which can antagonzie Myc-induced apoptosis in ®broblasts (Harrington et al., 1994; Kennedy et al., 1997) , but was necessary to prevent apoptosis due to serum deprivation in the present experiments. In addition, the lack of Max expression in PC12 cells may also contribute to the lower ecacy of Myc. In ®broblasts, it has been proposed that Myc-accelerated apoptosis is dependent on both Myc/Max dimerization and Myc DNA binding (Amati et al., 1993) . DNA binding is also required for Myc operation in PC12 cells but dimerization with Max is clearly not involved. Thus, Myc may accelerate apoptosis both in Maxdependent and in a Max-independent manner. One possibility is that other known Myc dimerization partners, including TFII-I (Roy et al., 1993) , Nmi (Bao and Zervos, 1996) , YY1 (Shrivastava et al., 1996) and MIZ (Peukert et al., 1997) substitute for Max. The canonical Myc/Max DNA binding site is associated with activation of transcription, whereas interaction of Myc with other partners may also lead to repression of transcription. Recent reports indeed suggest that repression of transcription by Myc is more critical for Myc-mediated apoptosis (Conzen et al., 2000; Xiao et al., 1998) . In this context it will be interesting to determine how PC12 cells proliferate without transcriptional activation by the Myc/Max heterodimer. They may have adapted to the absence of Max by switching on other pathways, e.g. the ornithine decarboxylase gene which is normally a Myc target is regulated by Fos and not Myc in PC12 cells (Wrighton and Busslinger, 1993) .
